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Shunt screening, size effects and I ÕV analysis in thin-film photovoltaics
V. G. Karpov,a) G. Rich, A. V. Subashiev,b) and G. Dorer
First Solar, LLC, 12900 Eckel Junction Road, Perrysburg, Ohio 43551

~Received 2 January 2001; accepted for publication 5 February 2001!

We present an analytical model that quantitatively describes the physics behind shunting in thin film
photovoltaics and predicts size-dependent effects in theI /V characteristics of solar cells. The model
consists of an array of microdiodes and a shunt in parallel between the two electrodes, one of which
mimics the transparent conductive oxide and has a finite resistance. We introduce the concept of the
screening lengthL, over which the shunt affects the system electric potential. The nature of this
screening is that the system generates currents in response to the point perturbation caused by the
shunt. L is expressed explicitly in the terms of the system parameters. We find the spatial
distribution of the electric potential in the system and itsI /V characteristics. The measuredI /V
characteristics depend on the relationship between the cell sizel andL, being markedly different for
the cases of small (l !L) and large (l @L) cells. We introduce a new regime of the large
photovoltaic cell where all the characteristics are calculated analytically. Our model is verified both
numerically and experimentally: good agreement is obtained. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1359158#
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I. INTRODUCTION

It has been long recognized that shunts are detriment
thin-film photovoltaic~PV! cells. While it is intuitively clear
that a shunt robs the current from a finite surrounding a
understanding of shunting has never been developed to
extent that would allow one to calculate that area depend
on the shunt resistance, material parameters, and light in
sity. Deriving and verifying the latter dependencies is one
the main goals of this article.

From the general perspective, the aforementioned q
tion raises the problem of a point perturbation in a PV c
and how that perturbation is screened in the cell. This pr
lem has one other important implication. Suppose we app
voltage (V) across the cell by attaching two point contacts
its planar electrodes and measure the integral current~I! in
the cell. At each point, the current density depends on lo
voltage across the cell. As a result, the electric potential n
uniformity caused by a point contact is screened by the c
rents and because of that screening, only a finite fraction
the cell will respond to the bias. Therefore, the measuredI /V
characteristics of the cell will depend on the relationship
tween the cell sizel and the screening lengthL, being mark-
edly different for the cases of small (l !L) and large (l
@L) cells. If L is voltage dependent~as follows! the situa-
tion becomes even more complicated and the standard i
pretation of the PV cellI /V characteristics needs to be r
vised.

This problem ofI /V analysis was posed in the terms
distributed series resistance in solar cells.1–4 In Ref. 1, a
transcendental equation was derived aimed at describingI /V
characteristics of one-dimensionalp-n junctions. However,
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neither the concept of screening, nor the electric poten
distribution analyses were advanced there. Subseq
publications2–4 utilized the same physics as in Ref. 1 to d
velop numerical approaches and verify calculatedI /V
curves. This article adds more analytical results to the fi
of thin-film PV cell I /V characteristics. In particular, it in
troduces the limiting large PV cell case and criterion, f
which the I /V characteristics are obtained explicitly in
closed form. More importantly, our consideration provid
one with a simple intuitive approach applicable to both on
and two-dimensional device geometry and describes cell
havior in the whole range of light intensities and biases. T
approach also offers a natural scope to describe shunt~and
other macroscopic defect! effects on thin-film PVs.

In what follows, we concentrate mostly on the simple
conceivable model, that is a one-dimensional cell that
equately exhibits screening and size-dependent phenom
and at the same time enables one to derive closed analy
solutions. Side by side with that we give the related resu
for the case of two-dimensional~‘‘dot’’ ! cell. Numerical cal-
culations and experiments are shown to verify our analyt
results.

This article is organized as follows. In Sec. II, we give
qualitative consideration of screening phenomena and e
tric potential distribution in the cell. In Sec. III a rigorou
mathematical approach is developed for the case of o
dimensional geometry, including exact results for the
gimes of large and small cells. Sec. IV contains modific
tions of the latter results to the dot cell geometry. Sec. V
devoted to verification of our predictions. Sec. VI contai
general discussion and conclusions.

II. QUALITATIVE ANALYSIS

Our prototype equivalent circuit and its one-dimension
implementation are shown in Fig. 1. It consists of a mu
5 © 2001 American Institute of Physics
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tude of elemental PV cells in parallel with a resistorR that
models a shunt. One of the electrodes in the circuit ha
finite resistancer per length and mimics the transparent co
ductive oxide~TCO!, typically used as a front contact. Th
second~metal! electrode has a negligibly small resistance

A two-dimensional~dot cell! version of the same equiva
lent circuit is shown in Fig. 2. The dot-cell size is determin
by the diameter of a metal-coated region. Again, resistoR
models a shunt between the metal and TCO. In both ca
we assume a circuit where a voltage sourceV and ammeter
in series with the resistor are used to measure the deviceI /V
characteristics.

Each elemental diode in the model is described by
classical photodiode equation

j 5 j 0S expS qw

AkTD21D2 j L , ~1!

FIG. 1. The equivalent circuit and its one-dimensional implementation f
shunted PV cell.

FIG. 2. Two-dimensional implementation of a shunted PV cell.
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wherej is the electric current in a diode,w is electric poten-
tial, k is the Boltzmann’s constant,q is the electron charge,A
is the diode ideality factor, andj 0 and j L stand for the ther-
mal and photogenerated currents per length. These curr
are related via the open circuit voltageVoc,

j 0S expS qVoc

AkTD21D5 j L . ~2!

For qualitative analysis, we start with a dead shunt
one-dimensional cell and neglect the thermal generation
rent j 0 . Approximating the electric potential by linear coo
dinate dependence in the region of lengthL ~Fig. 3!, and
noting that the current through the resistive electrode is s
plied by the elemental cells in that region, gives

Voc

Lr
5 j LL. ~3!

From that we find, the dead shunt screening length

L5Lds[AVoc

j Lr
. ~4!

One can say that the currents generated in response to
change in electric potential screen the shunt.

Along the same lines we write for a finite resistan
shunt:

Voc2VR

Lr
5 j LL5

VR

R
,

whereVR is the potential drop across the shunt. This giv
the screening length

L5LdsA12
VR

Voc
,

~5!
VR

Voc
5

r

2
~Ar 2142r !, r[

R

Ldsr
.

Next, consider the screening of an external bias. For the c
of reverse or slightly forward biased cell, one can write@see
Fig. 3~a!#

Voc2V

Lr
5 j LL,

where the electric potentialV,Voc. As a result, the screen
ing length becomes

L5AVoc2V

j Lr
. ~6!

For a significantly forward bias,q(V2Voc)@kT the thermal
current dominates the screening; therefore@see Fig. 3~b!#

V2Voc

rL
5 j 0L expS qV

AkTD' j LL expFq~V2Voc!

AkT G ,
and

L5AV2Voc

j Lr
expF2

q~V2Voc!

2AkT G . ~7!

a

t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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We observe that the forward bias is screened over expo
tially short distances. Exponentially strong currents forc
through forward biased microdiodes are responsible for s
screening.

In the same spirit, theI /V characteristics of the system
are given by

I 5
dV

Reff
, Reff5rL, ~8!

wheredV is the voltage drop across the system and the
fective resistanceReff is determined by the region of th
screening lengthL where the current is collected.

For a reverse bias@V,0; see Fig. 3~a!# or not a very
large forward bias (V,Voc) we get

dV5Voc2V, I 52Aj L~Voc2V!

r
. ~9!

For a significant forward bias,q(V2Voc)@kT @Fig. 3~b!# we
obtain

dV5V2Voc, I 5A~V2Voc! j L

r
expS q~V2Voc!

2AkT D .

~10!

For numerical estimate, consider a 1 cmwide strip cut
off the typical PV cell where the resistive electrode sh
resistance is 10V ~and correspondingly,r510 V/cm in
these equations!, Voc51 V, andj L520 mA/cm. For these pa
rameters we get from Eq.~4! Lds52.2 cm. Hence, the dea
shunt screening length is macroscopically large and can
measured directly~see the following!.

The standard PV cell analyses tacitly imply the elect
characteristics to be uniform across the resistive electro

FIG. 3. The electric potential distributions in a semi-infinite on
dimensional PV cell under reverse~a! and forward~b! bias.
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n-
d
h

f-

t

be

e,

which in our terminology corresponds to the case of a sm
cell, l !L. BecauseL is comparable to the typical solar ce
size l ~;1 cm!, both the regimes of small (l !L) and large
( l @L) cells are possible in the course ofI /V measurements
Furthermore, sinceL is voltage dependent, these regimes c
show up in the complimentary regions of the sameI/V curve.
Specific examples will be given in Sec. V.

The aforementioned qualitative analysis can be exten
to the two-dimensional case~Fig. 2!. Taking into account
that the longitudinal resistance of a sheet is almost indep
dent of the sheet size and geometry~neglecting possible
logarithmically weak dependence!, Eq. ~3! becomes

Voc

r
5 j LL2. ~11!

Here,r is the TCO sheet resistance5 and the right-hand side
represents the current generated in the areaL2. Hence, the
dead shunt screening length is still given by Eq.~4!. Along
the same lines one can also extend the results in Eqs.~5!–~7!
to the two-dimensional case.

Because of the screening, the electric potential distri
tion in a dot cell is not uniform. It is sketched in Fig. 4 for
large dot celld@L, whered is the cell diameter. The powe
source contacts the back metal area~dot cell! and the front
surface~TCO! at a relatively short distance from the ce
edge. The diagram shows the electric potential distributi
in the front and back surfaces. The difference between
two represents the local bias distribution in the device. T
reasoning behind the diagram is as follows. Far from
metal the local bias equalsVoc as there is no current flow

FIG. 4. Sketches of the electric potential distribution in a large dot cel
the cases of forward and reverse bias. Note that the electric potenti
nonlinear in space and is approximated by straight lines.
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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there. It changes drastically towards the metal in a very n
row region, whose dimension~neglected in Fig. 4! is of the
order of the screening lengthLs(!Lds) in the bare semicon
ductor. Typically Ls;(1 – 100)mm as estimated from Eq
~4! where the semiconductor sheet resistance replaces th
the TCO. Because the metal side of the cell is equipoten
we conclude that the electric potential in the back surf
changes abruptly at the cell edge and otherwise rem
practically constant. We note also that the central inner
region is screened from the rest of the device (d@L), and
therefore its local bias equalsVoc. Since the local biases in
the central region and far from the cell are equal, the co
sponding electric potential distributions in these two regio
must be parallel, as is shown in Fig. 4. With all of this
mind and taking into account that the resistive potential d
in the front surface balances the total external bias, we ar
at the distributions in Fig. 4. One remarkable feature of i
that only a narrow peripheral region of the cell is active a
contributes to its PV properties, while the central region
effectively screened and passive. Hence, theI /V measure-
ments give information only about a limited peripheral p
of a large device. This may be especially important for
forward bias measurements where the active area widt
exponentially shorter than the cell size.

Note that when the screening is significant,L!d, the
situation effectively reduces to that of the one-dimensio
geometry. In particular, the active ring shaped region re
tance is of the order ofrL/d. As a result theI/V character-
istic analysis in Eqs.~9! and ~10! applies to the two-
dimensional case with minor changes:

I 52Aj Ld2~Voc2V!

r
for Voc2V!d2 j Lr, ~12!

I 5A~V2Voc! j Ld2

r
expS q~V2Voc

2AkT D for q~V2Voc!@kT.

~13!

Equations~12! and ~13! predict that for large cells the mea
sured current densityI /d2 is inversely proportional to the
cell diameter, which is verified experimentally further in th
article.

III. EXACT RESULTS

Consider a one-dimensional semi-infinite cell in Fig.
Putting together Eq.~1! and the Ohm’s law in the resistiv
electrode gives

dJ

dx
52 j 0S expS qw

AkTD21D1 j L ,

~14!

J52
1

r

dw

dx
,

whereJ is the current in the resistive electrode andx is the
coordinate. The boundary conditions to Eqs.~14! reflect the
fact that the perturbation does not affect the electric poten
at large distances and that the current through the res
obeys Ohm’s law:
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w5Voc at x5`,
~15!

w

R
5J1I at x50.

Here, we have introduced the currentI generated in the ex
ternal circuit connected to the resistor in the course ofI /V
measurements.

Combining Eq.~14! yields a second order differentia
equation that was noted in Refs. 1–4. Introducing also
dimensionless variables

z[
q~Voc2w!

AkT
, y[

x

L0
, L0[A AkT

qr~ j 01 j L!
, ~16!

reduces that equation to the form that contains no par
eters,

d2z

dy2 512exp~2z!. ~17!

This universal equation was obtained in Ref. 1 in connect
with the I /V analysis of the elementalp-n junction. How-
ever, it was not fully analyzed and its relation to the elect
potential distribution and screening was not recognized
that time. Note that by definition, the characteristic scaleL0

in Eq. ~16! represents the length over which the electric p
tential changes bykT. Lucovsky6 derived the analogous
characteristic length in connection with the problem of l
eral photoeffects in nonuniformly irradiatedp-n junctions.

While Eq. ~17! cannot be solved analytically in th
whole range of parameters, it allows approximation th
gives accurate analytical results forz(x) separately in the
region of uzu!1 and in the complementary region. In add
tion, theI /V characteristic of the system can be derived wi
out explicitly solving Eq. ~17!. Multiplying Eq. ~17! by
dz/dy and integrating from zero to finitex gives

1

2 S dz

dyD
2

2
1

2 S dz

dyD
0

2

5z1exp~2z!2z~0!2exp@2z~0!#.

~18!

Equation~18! is convenient for incorporating the bounda
conditions. For the case of large cells we use the bound
conditions in Eq. ~15!, which in the variables Eq.~16!
reduce to

2r
dz

dy
5

q~Voc2IR!

AkT
2z at y50; r[

R

rL0 ;
~19a!

z5
dz

dy
50 at y5`.

For the case of small cells of the lengthl, the second of the
above conditions changes to the form

dz

dy
50 at y5

l

L0
, ~19b!

expressing the absence of current at the cell edge. From
point on, we consider the cases of large and small cells s
rately.
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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A. Large cells

1. Electric potential distribution

Substituting into Eq.~18! the boundary conditions Eq
~19a! with I 50 gives

1

2r 2 S qVoc

AkT
2z~0! D 2

112z~0!2exp@2z~0!#50 ~20!

and

E
z~0!

z dz

Az211exp~2z!
52A2y. ~21!

These equations enable one to calculate both the electric
tential distribution and its value at the shunt. For conv
nience, we present results in the standard dimensional v
ables. For reverse or not very large forward biases, we ob

w'Voc2
AkT

q
expS 2

x

L0
D for q~Voc2w!!AkT,

~22!

w'Voc2~Voc2VR!S 12
x

L D 2

for q~Voc2w!@AkT,

L5A 2Voc

~ j 01 j L!r
A12

VR

Voc
. ~23!

Here,VR is the voltage across the shunt. If there is no b
applied, then neglecting the last term in Eq.~20! yields

VR

Voc
5r 8~Ar 82122r 8!,

~24!

r 8[rAAkT

qVoc
5

R

rL0
AAkT

qVoc
[

R

R0
.

Note that the screening lengthL in Eq. ~23! differs only by
the factor of& from our simple intuitive estimate in Eq.~5!.

For significant forward biases we get

w5VR1
2AkT

q
lnS 12

x

L D for w2Voc>AkT/q, ~25!

L5A2L0 expS 2
q~VR2Voc!

2AkT D . ~26!

Again, the screening length in Eq.~26! is consistent with the
result of our qualitative analysis in Eq.~7!.

2. IÕV characteristics

Substituting Eqs.~19a! into Eq. ~18! and puttingR5`
gives

I 56
A2AkT

qrL0
AexpS 2

q~Voc2V!

AkT D1
q~Voc2V!

AkT
21.

~27!

The two signs correspond to the cases ofV,Voc(2) and
V.Voc(1). An example is shown in Fig. 5. The physic
meaning of the dependence in Eq.~27! in different regions is
explained by our qualitative analysis in Sec. II. The cor
sponding semiquantitative results in Eqs.~9! and ~10! are
consistent with Eq.~27!.
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Equation~27! enables one to derive the expressions
the commonly used diode parameters, short-circuit curr
(I sc) and resistance (Rsc), maximum power resistanc
(Rmp), open-circuit resistance (Roc), and the fill factor~FF!
~we assumeqVoc@AkT!:

Roc5L0r, Rsc5RocA2qVoc

AkT
,

~28!

Rmp5RocAqVoc

AkT
, I sc5

A2qVocAkT

Roc
, FF50.544.

The significance of the latter results is that they introduce
regime of large cells where all the characteristics are ca
lated exactly and which is significantly different from th
well-known small cell regime@Eq. ~1!#.

B. Small cells

To calculate theI /V characteristics we substitute int
Eq. ~18! the boundary conditions aty50 andy5 l /L, use the
expansions

z~ l !5z~0!1
l

L0
S dz

dyD
0

1
1

2 S l

L0
D 2S d2z

dy2D
0

,

exp@2z~ l !#5exp@2z~0!#2
l

L0
S dz

dyD
0

exp@2z~0!#

1
1

2 S l

L0
D 2S d2z

dy2D
0

exp@2z~0!#,

and then express the second derivative from Eq.~17!. As a
result, we get

FIG. 5. An example of theI /V characteristic for a large dot cell.
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp



a
ll
lity
t
te
im

ha
d
e
-
e

t

red

h

4980 J. Appl. Phys., Vol. 89, No. 9, 1 May 2001 Karpov et al.
S dz

dyD
0

5
l

L0
$exp@2z~0!#21%

1S l

L0
D 2

$exp@22z~0!#21%,

which in the standard variables takes the form

I 5 l H j 0FexpS qV

AkTD21G2 j LJ
3H 11

l

L0
FexpS q~V2Voc!

AkT D11G J . ~29!

We note that even for small cells,l !L0 the corrections to
the standardI /V characteristics become very significant
forward biases (V.Voc). In the latter region, the small ce
regime has an exponentially narrow domain of applicabi
l !L0 exp(q(Voc2V)/AkT). This conclusion is consisten
with the discussion in Section II where we have predic
that the characteristic screening length shrinks in the reg
of V.Voc.

We shall end this section by noting the conclusion t
the value of the diode ideality factorA doubles as extracte
from the data corresponding to significant forward bias
Indeed, in the region ofV.Voc the screening length expo
nentially shrinks turning the device into the large cell r
gime, whereI}exp(2qV/kTAeff) with Aeff52A, in accor-
dance with Eqs.~10! and ~27!. A related prediction is tha
rs

d

of
t

se
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lowering the illumination intensity may reduce the measu
ideality factor by 50%, as the screening lengthL increase
causes the device to operate in the small cell regime.

C. Intermediate size cells

ConsiderI /V characteristics of finite size PV cells, suc
that the cell sizel is comparable to the screening length,L.
We start with the open circuit boundary conditions~19b! at
the end of the cell. Multiplying Eq.~17! by dz/dy and inte-
grating from zero tol yields

FIG. 6. The dimensionlessI /V characteristics of different size linear PV
cells in the reverse bias region;l /L050.2,1,2,̀ .
I 56
A2AkT

qrL0
AexpS 2

q~Voc2V!

AkT D1
q~Voc2V!

AkT
2z~ l !2exp~2z~ l !!, ~30!
u-
wherez( l ) can be determined from

E
z~0!

z~ l ! dz

Az1exp~2z!2z~ l !2exp@2z~ l !#
52A2l . ~31!

The upper~lower! sign in Eq.~30! corresponds to forward
~reverse! current direction.

A closed form solution can be obtained for large reve
biases~z(0)@1, z( l )@1!. Equation~31! gives z( l )5z(0)
2 l 2/2, similar to the parabolic potential distribution derive
for the semi-infinite strip in Eq.~23!. With that, Eq.~30!
gives the currentI 52 j Ll , which corresponds to the case
small cells. The physical meaning of the latter result is tha
significant reverse bias leads to a large screening length@see
Eq. ~23!#, compared to which the sample size is small.

In the Ohmic region of low biases,z(0)5q(Voc

2VR)/AkT!1 ~so thatz( l )!1!; and Eqs.~30!, ~31! can be
solved analytically by expanding the exponents in power
ries,

I 5
V2Voc

rL0
tanhS l

L0
D . ~32!
e

a

-

In other cases theI /V characteristics can be calculated n
merically from Eqs. ~30! and ~31!. Some examples are
shown in Fig. 6~for reverse bias region! and in Fig. 7~for
forward bias region!. A cell of the lengthl .L gradually

FIG. 7. The dimensionlessI /V characteristics of different size linear PV
cells in the forward bias region;l /L050.2,15.
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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switches from the large cell to the small cell regime with t
reverse biasuVu. The Ohmic region predicted by Eq.~32!
widens in long samples and holds up toz051.5l . For the
forward bias region, it is seen from Fig. 7 that theI /V char-
acteristic of structure withl .L is always close to that o
infinitely long one. This is consistent with the conclusion
the above that the screening length is strongly reduced u
forward bias.

One new question related to the finite cell case is tha
the boundary condition at the opposite cell end. We cons
the case when there is a shunting resistorR1 at the end of the
strip. Then, similarly to Eqs.~19a! and ~19b!, the boundary
conditions aty50 andy5 l can be written as
co

s-
s

t
b

i-

e

Downloaded 17 Apr 2001 to 209.45.202.202. Redistribution subjec
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2r
dz

dy
5

q~Voc2IR!

AkT
2z at y50; r[

R

rL0
;

~33!

r 1

dz

dy
5

qVoc

AkT
2z at y5 l ; r 1[

R1

rL0
.

The first integral of the Eq.~17! becomes

1

2 S dz

dyD
2

5z1exp~2z!2z~ l !2exp@2z~ l !#1
1

2 S dz

dyD
l

2

.

~34!

This leads to theI /V dependence
I 56
A2AkT

qrL0
AexpS 2

q~Voc2V!

AkT D1
q~Voc2V!

AkT
2z~ l !2exp~2z~ l !!1

1

2 S dz

dyU
l
D 2

. ~35!
are
oxi-

elf

-
o-

ated
e-
Here the derivative can be expressed from the boundary
ditions ~33! and the boundary value of the potentialz( l ) can
be found by integration of Eq.~34! over the coordinate.

If the cell is shunted at one end (x5 l ), the open circuit
voltage at the other end (x50) depends on the shunt resi
tance and the cell lengthl. Some calculations of the voltage
at the shunt,V( l ) and the open end,V(0) are illustrated in
Fig. 8 for a strip of a an intermediate lengthl 55L0 , @close
to the screening length in Eq.~4!# as a function of the shun
resistance. The decay of open circuit potential caused
shunting manifests itself whenR1,r l . At V(0), V( l )
2Voc@AkT/q, and the curves in Fig. 8. are well approx
mated by the linear dependencies predicted by Eqs.~30! and
~31!, which in the standard variables take the form

V~ l !5~ j 01 j L!lR, V~0!5V~ l !1 1
2r~ j 01 j L!l 2. ~36!

FIG. 8. Open-end,V( l ) and shunted-end,V(0) voltages depending on th
shunt resistance. Linear approximations in Eq.~36! are shown by dashed
lines.
n-

y

They are shown in Fig. 8 by dashed lines.
Let us consider the case of a strong shunt (R1!rL0).

Then V(y5 l ) is close to zero (z( l )5qVoc/AkT). The re-
sults of numerical calculations of the open-end voltage
presented in Fig. 9. The dotted line shows results of appr
mate dependence for the case whenqVoc.@AkT, i.e., V(0)
5 1

2r( j 01 j L) l 2. Note that the shunt does not manifest its
in I /V characteristics for long strips,l .@2Voc/( j 0

1 j L)r#1/2. The latter equals the screening length in Eqs.~6!
and ~23! and can be much larger thanL0 .

Consider a linear cell with the voltageV(0) at the open
end. Applying a biasesV,V(0) at that end makes the dis
tribution of the electric potential along the strip nonmon
tonic. The quantityz(max) corresponding to the maximum
potential is determined from

FIG. 9. Open-end voltage in a shunted PV strip vs the strip length calcul
for two different Voc . The straight line shows the predicted parabolic d
pendence.
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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E
z~max!

z~ l ! dz

Az1exp~2z!2z~max!2exp@2z~max!#

1E
z~max!

z~0! dz

Az1exp~2z!2z~max!2exp@2z~max!#

52A2l .

Given that quantity the reverse current is calculated as

I 52
A2AkT

qrL0
Aq~Voc2V!

AkT
2z~max!2exp@2z~max!#.

~37!

This can be further simplified for the region of strong reve
bias,z(max).1,

I 5
1

r l
@V2 1

2~ j 01 j L!r l 2#. ~38!

Equation~38! predicts linearI /V dependence in the region o
I ,0 and is valid for the potentials less than

V52 1
2 r~ j 01 j L!l 2. ~39!

I /V characteristics of a shunted PV strip obtained by num
cal calculations is presented in Fig. 10. We note that in
whole range of negative currents, the calculatedI /V depen-
dence is very close to that in Eq.~38!. To the contrary, in the
region ofV.Voc, the I /V dependence is typical of standa
cells and is not sensitive to shunting, reflecting exponenti
strong screening in the positive current region.

D. Two-dimensional cells

For the case of a two-dimensional circular cell we
placedJ/dx by div J anddw/dx by gradw in Eq. ~14!, and
introduce the dimensionless variables defined in Eq.~16!.
We then arrive at Eq.~17! where the Laplacian replaces th
second derivative,

¹2w5S ]2

]y2 1
1

y

]

]yDw. ~40!

FIG. 10. The calculatedI /V characteristic of a shunted cell~open circles! of
the lengthL56L0 andVoc /AkT530 in comparison with that of unshunte
cell ~solid curve! and linear fit in Eq.~38!.
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If the cell radius is large as compared to the screen
length L0 , i.e., y@1, the second term in Eq.~40! can be
neglected in the proximity of the cell edge. This reduces
equation exactly to the form of Eq.~17!, based on which all
the subsequent results in Sec. III A can be extended to
two-dimensional case. A minor correction to theI /V charac-
teristic in Eq.~27! is that now the current is obtained as th
current density times the cell circumferencepd. The latter
appears as an additional multiplier in the right-hand side
Eq. ~27!, consistent with the semiquantitative results in E
~12! and ~13!. This leads to size dependentI /V characteris-
tics, I}d. The measured current per area thus becomes
versely proportional to the cell diameter.

For the regime of small two-dimensional cells we pr
ceed from the differential equation¹2z512exp(2z) and
note that any particular functionf (z,y) in

1

y

]z

]y
5 f ~z,y!

leads to

]2z

]y2 5 f ~z,y!1y
]

]y
f ~z,y!.

Here the last term is relatively small asy!1 and ] f / f ]y
;1, the latter estimate reflecting the fact thatf (z,y) does not
contain any parameters. Neglecting that term yields

2
1

y

]z

]y
512exp~2z!. ~41!

This can be solved in a closed form to give the electric p
tential as a function of coordinate~in conventional units!

w~x!5Voc2
AkT

q
lnH 11expS 4x22d2

4L0
2 D

3FexpS q~Voc2V!

AkT D21G J , ~42!

wherex is the radial distance measured from the center of
cell andV is the electric potential fixed at the cell edge.

To calculate theI /V characteristic we note thatI 5
2(pd/r)(]w/]x)x5d/2 . Expressing the latter derivativ
from Eq. ~41! and adding the neglected term as a first c
rection gives

I 5
pd2

4 H j 0FexpS qV

AkTD21G2 j LJ
3F11

d2

4L0
2 expS q~V2Voc!

AkT D G . ~43!

Similar to the one-dimensional result@Eq. ~29!#, the small
cell regime fails at significant forward biases, such th
q(V2Voc)>2AkT ln(L0/2d).

We conclude this section by emphasizing two of t
above results:~1! we have introduced a new limiting case
the theory of I /V curve analyses~the large cell regime!
where all the parameters are calculated exactly and~2! and
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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exact results in this section are fully consistent w
the much simpler semiquantitative approach developed
Sec. II.

IV. NUMERICAL AND EXPERIMENTAL VERIFICATION

We verified our analytical results in Eqs.~23!–~26! for
the electric potential distributions~continuous lines in Fig.
11! by comparing them to the corresponding numerical
lutions of Eq.~17! ~data points in Fig. 11!: good agreement is
obtained.

We also used numerical solutions to verify our pred
tion of size dependent current density@see the discussion
after Eqs.~10!, ~13!, ~27!, and~30!#. One example is shown
in Fig. 12 for the case ofVoc/AkT530 in one-dimensiona
model. In all cases, an abrupt transition from the regime
size-independent short-circuit current density to one wh
the current density is inversely proportional to the cell s
occurs at approximatelyl 5L.

FIG. 11. Numerically simulated distributions of the electric potential~sym-
bols! for forward biased and two reverse biased cells vs analytical fits
Eqs.~23!–~26!.

FIG. 12. Specific current in a linear PV strip withVoc /kT530 depending on
the strip length. Solid curve represents theoretically predicted depend
1/l .
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Direct measurements of the voltage distribution und
different biases and light intensities were performed on o
dimensional CdTe/CdS cells using scribe design in Fig.
The cell size was 1 cm320 cm with the TCO sheet resis
tance of 12V/h. Shown in Fig. 13 are the data correspon
ing to 1.5% of the standard one-sun light intensity for diffe
ent shunts. All three dependencies in Fig. 6 are fit by E
~23! with Voc5600 mV. The best-fit screening radii dete
mined from the fit, 86, 106, and 140 mm relate to each ot
in accordance with Eq.~23!. The measured voltages acro
the shunts are consistent with Eq.~24! if we put A52.

In Fig. 14, we show the electric potential distribution
corresponding to different biases across the cell. We
scribed the reverse bias decay by Eq.~23! where the best fit
parameterL5160 mm. The ratio of this length to the dea
shunt screening lengthL5140 mm is consistent with the
theoretically predicted (Voc/Voc1V)1/2 @Eq. ~23!#. For the
case of forward bias, the distributions are fit with Eq.~25!,

y

ce

FIG. 13. The measured electric potential distributions in a shunted PV s
for three different shunt resistances in comparison with the analytical fit
Eqs.~23!–~26!.

FIG. 14. The measured electric potential distributions for a biased PV s
in comparison with the analytical fits in Eqs.~23!–~25!.
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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which gives the screening lengthsL50.014 mm andL
50.26 mm forV51.8 V andV51 V, respectively.

Shown in Fig. 15 is theI /V characteristic of a long linea
cell in comparison with the theoretical dependence in
~27! that provides a good fit. By measuringI /V characteris-
tics of different length cells we were able to plot the data
Jsc versus the cell length as is shown in Fig. 16. These d
support the theoretical results in Fig. 12: thel 21 dependence
is clearly seen for the 1-sun data where the screening le
is close to 2.5 cm; for the low light data the screening len
of about 15 cm makes the ratiol /L less than 1. In this case
Jsc does not depend onl. In Fig. 17, we present the data o
I /V characteristics in a shunted cell. In accordance with
prediction in Eq.~38! ~and in Fig. 10! the shunted sample
I /V characteristic is approximately linear in the negative c
rent region.

FIG. 16. The measured short circuit current density in a PV strip depen
on the strip length for two different illuminations corresponding to the
gimes where the strip length is larger or shorter than the screening len

FIG. 15. The measuredI /V characteristic of a long linear cell in compariso
with the theoretical dependence in Eq.~27!.
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V. IMPLICATIONS AND CONCLUSIONS

The most straightforward implications of the above r
sults pertain to shunt problems. As an example we note
using Eqs.~23! and ~24! enable one to calculate the curre
loss due to shunts of a given resistanceR:

JR5
VR

R

5
A2Voc

R
Aj L

j c
SAj L

j c
122Aj L

j c
D , j c[

Vocr

R2 .

This quantity decays monotonically withR at constant illu-
mination, while as a function of illumination intensity a
fixed R it reaches its maximum atj L / j c50.76. This can be
of interest in connection with the changes inj L related to
different geographical locations and seasons.

Local heating in shunts is often considered a cause
progressive module degradation,7 and can be expressed from
Eq. ~23! as

P5
VR

2

R
5

A2Voc
2

Ldsr
r 8~Ar 82122r 8!2.

It is a maximum atr 850.83 ~corresponding to the shun
resistanceR;20V for the forementioned device param
eters!. The nature of the maximum is that a low therm
power generation rate is observed for lowR. Similarly, heat-
ing is current limited in the case of highR. The above de-
fined extreme shunts are predicted to heat the devices
most. Other potential applications of these results hav
bearing upon optimizing cell size in modules~so as to avoid
a considerable screening effect and correspondingly con
erable fraction of the cell being inactive!.

The theory under consideration may be further refin
by incorporating effects of back contact resistance that h
been neglected. While the results of such a modification w
be presented elsewhere, we note here that in some rang
the device parameters, taking back contact resistance
account strongly changes these results.

In conclusion, let us summarize the main results of
present consideration. We have introduced a fundame

g
-
h.

FIG. 17. The measuredI /V characteristics of shunted and unshunted ce
vs the linear approximation in Eq.~38!.
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t t
ha
ce
th

ni
e
t
e
o

u

nd

lists

-

4985J. Appl. Phys., Vol. 89, No. 9, 1 May 2001 Karpov et al.
concept of screening in PV devices, and have shown tha
screening phenomenon is practically important as the c
acteristic screening length is comparable to the actual
sizes. In general, the main consequence of screening is
the electric potential distribution across the cell is nonu
form. More specifically, this nonuniformity determines th
characteristic area affected by a shunt, and is dependen
the shunt resistance, illumination, and device paramet
The nonuniform potential also determines the relative size
active area in the cell and thus influences theI /V character-
istics of the device.
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